The results of time-resolved Stokes shift measurements are compared to a molecular theory of ionic solvation dynamics recently solved by Rips, Klafter, and Jortner [J. Chem. Phys. 88, 3246 (1988) ]. Although the theoretical predictions show only semiquantitative agreement with experiment, this molecularly based model provides a satisfying framework for understanding the large departures observed from the behavior predicted by simple continuum treatments of solvation dynamics.
I. INTRODUCTION
The dynamics of polar solvation has become a topic of recent interest because of its importance in determining how a solvent will affect charge transfer reactions in solution. I By solvation dynamics what is meant is simply how rapidly a solvent can respond to changes in charge distribution of a solute (reactant). It is possible to measure the rates ofsolvation experimentally by observing the time-dependent Stokes shift of the fluorescence spectrum of a polar probe solute after ultrafast excitation. The results of such experiments, performed by us 2 -4 and several other groups,5-7 have led to the conclusion that theoretical models that treat the solvent as a simple continuum fluid are inadequate to describe the actual dynamics. The types of models previously proposed8-11 have typically employed a spherical Onsager cavity representation of the solute and consider the solvent to be a dielectric continuum completely characterized by its bulk, frequency dependent dielectric function E( It.I). For liquids possessing a Debye-type dielectric dispersion, these theories predict that the energy of solvation should relax exponentially in time with a time constant equal to the longitudinal relaxation time of the solvent, r L = (E co / Eo) rD' Eo and E co are the static and "infinite" frequency dielectric constants and r D is the Debye relaxation time. This longitudinal (or constant charge l2 ) relaxation time is a bulk property ofthe solvent that microscopically involves the concerted response of many molecules and is much faster than the time scale for reorientation of a single solvent molecule. The degree of cooperativity of the response is gauged by the factor E co / Eo which multiplies the (roughly) single particle time scale rD ' Experimental results deviate in two important ways from the predictions of such Debye/Onsager-type continuum models. First, the average time scales observed are usually larger than r L' and lie somewhere intermediate between the r L and r D extremes.
As has been pointed by several authors,13-15 for molecular scale solutes, nearest-neighbor solvent molecules will not enjoy the full cooperativity implied by r L and will react on a time scale closer to r D , The response from distant solvent regions will, however, show this faster time scale and the overall response, including contributions from both solvent regions, will therefore be slower and more complex than that predicted from simple continuum pictures. It has only been very recently that theoretical studies by Wolynes, 16 Rips et al., 17 and Calef and Nichols 18 have incorporated these ideas into a theoretical framework suitable for quantitative comparison to the experimental results. The purpose of the present paper is to compare our earlier experimental results on solvation dynamics obtained with the probe coumarin 153 3 to the Rips, Klafter, and Jortner l7 solution of the molecular model proposed by Wolynes. 16 The comparison shows both the semiquantitative correctness of the theory and also points out aspects of our experimental results not previously noticed.
II. METHOD OF ANALYSIS
The experimental data was obtained by time-solved fluorescence spectroscopy in the manner detailed in Ref. 3. The probe molecule coumarin 153 has a dipole moment of -6 D in the ground state which changes to -11 D in the excited state. Immediately after picosecond pulse excitation, the fluorescence spectrum is observed at shorter wavelengths than the steady state spectrum in a polar solvent. The spectrum progressively shifts to the red as the solvent relaxation occurs and from the temporally evolving spectra the experimental response function
is extracted. The v's here denote the average frequencies 3 of the spectrum observed at times t, zero, and infinity. It is this response function that is directly comparable to theoretical predictions of solvation dynamics.
The theoretical approach that we wish to compare these data to is based on the mean spherical approximation (MSA) treatment of a dipolar hard sphere solvent. The MSA is one of the simplest of approximate closure schemes used to obtain the radial distribution function of a liquid from first principles. Initial application of this method to dipolar hard spheres was made by Wertheim l9 with later extensions to the problem of ionic solvation by several groups20-22 most notably for the present work by Chan et al. 22 Although not as accurate as many other approximations, the MSA can be solved exactly for the static behavior of such a fluid. 23 Wolynes was the first to propose a dynamical extension of the MSA/dipolar hard sphere model to study the dynamics of ion solvation. 16 In this study Wolynes presented an approximate solution of the dynamical model which has recently been solved "exactly" (see below) by Rips, Klafter, and Jortner l7 and independently by Calef and Nichols. 18 In contrast to the continuum models previously employed, this MSA treatment explicitly considers the molecularity of the solvent environment. The essential features of the theory and its connection to real solutions are as follows. One assumes that static correlations present in a real solute/solvent system can be approximated by the structure calculated via an MSA treatment of a hard sphere solute containing a point charge or dipole in a dipolar hard sphere solvent. Connection to the real solution is made by using the experimental values of the dielectric constant and solute and solvent sizes in the model. The dynamics enter by extending the static description of the solvation energy, which is determined by the surrounding structure, to nonzero frequencies through replacement of the static dielectric constant €o by the frequency dependent dielectric function €(w) of the experimental solvent. 16 For calculating the theoretical predictions of the dynamical MSA model we will use the formulas and notation of Rips et al. 17 for the case ofionic solvation. Very briefly, the expressions used in the theoretical evaluation are as follows: First, the energy relaxation response function directly comparable to the experimentally determined e(t) is Set) defined by
where E is the free energy of solvation. This function is determined via use of its Laplace transform
where p = iw. The complex admittance X( p) in the MSA limit is given terms of the dielectric function €( p) and a
The correction term can be expressed to a high degree of accuracy using the approximate expression
In Eqs. (4) and (5) 
III. RESULTS
Before making the comparison to the experimental data it is useful to first consider the nature of the S(t) solutions obtained from the above theory. The main new feature of the MSA relative to continuum models is the introduction of the solvent size. and E 00 for a fixed size ratio p = 1. In general, the MSA results deviate from the continuum model predictions ('T L lines) by being both non exponential and decreasing more slowly than exp{ -t ir L ). Qualitatively this behavior is precisely what is observed experimentally. All three of the model parameters p, Eo!E oo ' and Eoo (or alternatively Eo) affect the S(t) curves and the degree to which they depart from exponentiality. Most choices of the parameters result in curves that are well represented (over six 1/ e times) by a sum of two exponentials having time constants between 'TL and'T D • 25 In some cases, for example when Eo!Eoo >50 The average is defined as in Eq. (7) using the fitted experimental C(t) curves.
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[ Fig. 1 (c) ], theS(t) decays are better fit using a "stretched" exponential function exp [( - 
Figure 2 illustrates how the average time constants of the calculated response ('T), defined by
depart from 'T L as a function of the model parameters. Figure  2 (a) shows that the dependence onp saturates at both high and low values and has the largest slope at p = 1. The continuum limit (horizontal dashed line) is closely approached only for solvent/solute sizes p<;0.05. Thus significant deviation from continuum behavior should be the norm for even moderately polar solvents, and the 'T L time scale should only be observed for unusually large solutes. (For example, if one takes HF as representing the smallest dipolar solvent, the diameter of a solute necessary to yield a p = 0.05 is roughly 64 A, i.e., the size of a small protein.) Figure 2(b) shows that the ratio ('T) /T L increases monotonically with solvent polarity. Both Eo! E 00 and E 00 (or Eo) are important, however, it is probably most useful to regard Eo! E 00 as being the primary measure of solvent polarity. Over the range of E 00 typically encountered (2<;Eoo <;5), it is on this ratio that (T)ir L most strongly depends, and it is this ratio that measures the extent of dipolar correlations in the liquid.
We now compare predictions of the MSA theory to our experimental Stokes shift data. The relevant dielectric constants (of the main dispersion regime) and size ratios of the experimental solvents used are provided in Table I . The size ratios were calculated using the van der Waals volumes of the solvents and of the coumarin 153 solute (253 A3) using the method of atomic increments. 26 Also listed in Table I are the average time constants observed < 1')Obs defined as in Eq.
(7) with CU) in place of S(I). Figures 3 and 4 Figure 3 displays the results of the comparison for a number of alcohol solvents. Figure 3(a) is for ethanol, npropanol, n-butanol, and 2-propanol at 253 K and Fig. 3 both for several different alcohols at a single temperature [ Fig. 3(a) ] and for a single alcohol over a range of temperatures [ Fig. 3 (b) ]. In fact, given the uncertainty in the determination of C(t), one cannot say with confidence that the renormalized C(t) curves differ at all. [A small systematic trend with temperature mayor may not be present in the data in Fig. 3 (b) .] The same similarities are also apparent if one normalizes the time coordinate to 1'L rather than 1'D' If the experimental data were well represented by a Debye/ Onsager continuum picture this latter observation would be expected-i.e., all of the C(t) curves would then be exponential with time constant 1'L' Within a continuum picture, coincidence of the C(t) curves upon normalization to 1'D should also be observed when the ratio Eo/ E 00 is constant. For the alcohols and temperatures studied this ratio is constant to ± 10% so that this condition is approximately satisfied. Thus the similar behavior of all of the alcohols fit continuum predictions. It is less obvious that the MSA model should also predict similar behavior for all of these solvents, but as illustrated by the calculated curves in Fig. 3 , it does. The variations in size and dielectric constant among these alcohols are partially offsetting in a manner that renders the calculated curves sufficiently alike so as to be experimentally indistinguishable. Whereas both the continuum (r L line) and the MSA models correctly predict the similarity of the alcohols studied neither quantitatively reproduces the observed decays. The overall time scale in the alcohols is close to r L (see below) in agreement with the continuum model but the decays are nonexponential. The MSA model does correctly predict such nonexponentiality but it appears to overemphasize the curvature, yielding predicted curves that decay more slowly than the experiment. Part of the problem has to do with higher frequency dispersions in E(liJ) as will be discussed later. Figure 4 shows the experimentlMSA comparison for Nmethyl propionamide [NMP; 4(a)] and propylene [PC; 4(b) ] at several temperatures. For NMP, as with the alcohols, the C(t) response functions are identical at the two temperatures studied when scaled to rD. This is again predicted by the MSA calculations. In the present case the observed decays are very far from the continuum r L prediction. The observed C( t) curves are non exponential as predicted by the MSA theory, but whereas the MSA predictions were too slow in the alcohols, they are too fast for NMP. The results for PC [Fig. 4 (b) ] are similar to those for NMP. The only exception is that the experimental curve for PC at 221 K appears too slow relative to the other two temperatures and shows the unexpected behavior of decaying more slowly than rD. This deviation may be due to the onset of glassy behavior in PC near this temperature.
Finally it is instructive to compare the average solvation time scales [Eq. (7)] calculated by the MSA model to those observed experimentally. In our earlier work 3 ,4 we noted an apparent correlation between the ratio of (r)Obs/rL and the dielectric constant Eo. This ratio should be unity when the continuum description is valid and its deviation from unity quantifies the departure from continuum behavior. This correlation, in slightly modified form, is shown in Fig. 5 . The experimental data in this figure include the coumarin 153 data discussed above, as well as recent results of Su and Simons and Barbara and co-workers 7 obtained with a variety of fluorescent probe solutes. These data can be divided into solvents which have significant hydrogen-bond donating capabilities [alcohols (Nos. 1-3) and NMP (No.4)] and those which do not [PC (Nos. 5,6), nitriles (No.7), acetates (No.8), and dimethyl sulfoxide (No.9)]. The latter class of solvents are shown with encircled numbers. Although there is quite a lot of scatter in the data, there is still a discemable trend of increasing (r)Obsi7L with Eo!E"". This is especially true if the alcohols (Nos. 1-3) are excluded from consideration. The MSA prediction for this trend is represented schematically by the solid curve in Fig. 5 . Since the various solvents differ in not only the ratio Eo! E "" but also E 00 and size (Fig. 2) , no one curve is appropriate for all of the experimental situations plotted. The curve shown corresponds to the particular choice E 00 = 5, P = 1, however other values of E 00 and p applicable to the solvents used yield curves that do not differ greatly on the scale of this plot. The MSA prediction does a reasonable job of rationalizing the observed deviations from continuum predictions. Excluding the alcohols, the MSA theory in general underestimates the degree to which noncontinuum effects slow the solvation response relative to r L • For the alcohols the opposite appears true.
IV. DISCUSSION
Figures 3-5 illustrate the degree to which the MSA theory of ionic solvation dynamics as developed by Rips et al. 17 is able to reproduce the dynamics observed in time-dependent fluorescence experiments. As mentioned in the introduction, experimental solvation data tend to deviate in two ways from the predictions of a Debye/Onsager continuum model: (i) the observed C(t) decays are significantly nonexponential and (ii) the average time constants are slower than predicted. The MSA model explains both of these deviations as arising naturally from the molecular arrangement of the solvent about a comparably sized solute. Qualitatively, the MSA predictions do show the same behavior as the experimental C(t) curves (Figs. 3 and 4) and the same trend of average time constant with Eo! E 00 (Fig. 5) . The quantitative agreement shown in these comparisons is rather poor, however.
There are several reasons why quantitative agreement between the MSA calculations and the experimental data might not be expected. First of all the theory itself has certain inherent limitations. The MSA approach is known to provide relatively inaccurate predictions of the static properties of simple polar liquids. 23 More importantly, even if the MSA yielded exact results for a hard sphere dipolar liquid, the use of such results to represent the correlations present in real solvent is highly approximate. Packing in even simple polar liquids of nonspherical shape can be rather different from that ofthe reference hard sphere system. The error should be most severe for associated liquids such as alcohols where hydrogen bonding strongly affects the intermolecular corre-lations. Thus, while the MSA captures some of the essential features produced by molecularity of the solvent, it is probably unreasonable to expect quantitative agreement especially in highly associated solvents.
A second point where the experimental situation departs from the theoretical model is in the fact that the present theory treats the response to a change of solute charge whereas the fluorescence experiments actually measure the response to a change in a solute's charge distribution (dipole moment, etc.) with no change in net charge. Simple continuum models predict only a trivial difference between the dynamics of solvation of a charge or of any higher multipole moment.
27 For a molecular treatment such as the MSA model, however, the differences are expected to be greater. Whereas in a continuum solvent the response occurs synchronously at all points, the deviations from simple continuum behavior predicted by the MSA theory arise precisely because response times differ depending on distance from the solute. In particular, the solvent response should be slower near to the solute and approach r L only far away. Since the interaction of a point dipole or other point multipole is shorter ranged than that of a monopole it is reasonable to expect that the response calculated for these cases should be somewhat slower than that predicted by the MSA theory for ionic solvation. Modification of the present theory to include other mUltipoles should raise the theoretical curve in Fig. 5 and therefore lead to improved agreement with solvation times observed in nonassociated solvents. It is worth pointing out however that the probe solutes used in fluorescence experiments are far from spherical and undergo complex changes in their charge distributions upon excitation. It is not clear that reworking the theory for spherical point dipole solute, e.g., would do more justice to the experimental situation than the present version, although the comparison would be enlightening.
A final difficulty in making accurate comparisons between the theory and experimental data is in obtaining sufficiently good representations for E( w) for the solvents used. In the above work we have assumed that E(W) could be described by a single Debye-typedispersion [Eq. (6) ]. Such a representation is only approximate and at high frequencies deviations are typical. For example, normal alcohols, in addition to the main dispersion regime, exhibit two higher frequency dispersions and are better described by a superposition of three Debye terms as
There is sufficient dielectric data available for the particular case of n-propanol to make a more accurate comparison to the observed solvation dynamics by employing this triple Debye representation of E( w) in the MSA model. The results of such a calculation are shown in Fig. 6 where we compare the C(t) curve observed with coumarin 153 at 221 K to the MSA predictions using both E(W) representations of Eqs. (6) difference between the overall shape of the calculated curves and the experimental CU). As a result of the inclusion of the fast parts of the response, the average decay time [(r), Eq. Considerably less detailed dielectric data is available for other alcohols but similarly improved agreement with experiment might also be expected in these cases if the higher frequency dispersions could be taken into account. The dielectric dispersions of many of the other solvents studied have not been well characterized. Ironically, this is especially true of the polar aprotic solvents where the comparison to the theory should be the most straightforward. The reason is that nonassociated liquids have dielectric relaxation times in the picosecond range and dielectric measurements are not available at high enough frequencies to accurately determine the correct form for even the main dispersion regime in these solvents. 28 Thus it is possible that some part of the lack of quantitative fit between theory and experiment displayed in Fig. 5 may in fact be due to inadequate dielectric data rather than to inadequacy of the theory.
In summary, we have compared the predictions of the recent MSA model of solvation dynamics 16 recently solved by Rips, Klafter, and Jortner l7 to results of previously reported time-resolved fluorescence measurements. The theory is able to give a semiquantitative representation of the experimentally observed behavior. Several possible reasons for the lack of complete quantitative agreement between experiment and theory have been discussed. In order to fully explore the correctness of the theoretical description more experimental data is necessary. The best tests of the theory will come from studies using a range of solvent/solute combinations for which a large departure from continuum pre-dictions can be observed. The calculations show that such deviations are most easily achieved experimentally by examining a series of solvents with a large variation of the ratio (Eol E "" ) . Both the experimental and predicted behavior of several solvents showed that variations in temperature of a single solvent do not change the dynamics appreciably except for a trivial overall scaling with rD' Finally, although the solute/solvent size ratio is a key determinant as to how the solute senses the molecularity of its surroundings, the calculations [ Fig. 2 (a) ] indicate that the variations of this factor that are experimentally accessible produce much smaller changes in the dynamics than do variations of (EoIE"" ) .
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